ABSTRACT Wheat is a common raw material used to provide most of the energy and a great portion of amino acids in poultry diets. The routine investigation of metabolizable energy (ME) and digestible amino acid content determination are costly and time consuming for wheat grains. Therefore, it would be helpful if the energy and digestible amino acid content of wheat grain samples could be predicted from their chemical composition. Three studies were conducted to evaluate the probability of AME n , AME, and apparent ileal digestible amino acid (AIDAA) prediction in wheat samples based on chemical compositions. Multiple linear regression (MLR), partial least square (PLS), and Artificial neural network (ANN) methods were developed to estimate the AME values of wheat grain samples based on total and soluble nonstarch polysaccharides (study 1) and the AME n based on DM, CP, and ash (study 2). Furthermore, MLR and ANN models were used to estimate the AIDAA via CP content of wheat samples (study 3). The fitness of the models in each study was tested using R 2 values, RMS error, mean absolute deviation, mean absolute percentage error, and bias parameters. The results of studies 1 and 2 showed that AME can be predicted from the chemical composition. The prediction of AME of wheat through the ANNbased model showed higher accuracy and lower error parameters as compared with MLR and PLS models in both studies (1 and 2). The results of the third study indicated that CP can be used as a single model input to predict AIDAA in wheat samples. Furthermore, the ANN model may be used to improve model performance to estimate AIDAA as affected by CP content. The results demonstrated that the ANN model may be used to accurately estimate the ME and AIDAA values of wheat grain from its corresponding chemical compositions. As a result, this method provides an opportunity to reduce the risk of an unbalanced level of energy and amino acid in feed formulation for poultry.
INTRODUCTION
Wheat is the preferred cereal grain in many broiler diets made in most wheat-producing countries. The AME and amino acid digestibility of wheat grain are the most important factors affecting poultry performance. The AME of wheat is higher than that of some other cereals, such as barley and rye, and its CP content is higher as compared with that in corn (120-140 g/kg vs. 80-90 g/kg). The AME of wheat for broiler chickens can vary considerably between samples (Mollah et al., 1983; Rogel et al., 1987; Nicol et al., 1993) . There has been a considerable amount of work designed to study the reasons of this variability. Previous studies demonstrated that CP, ether extract (EE), starch, and nonstarch polysaccharides are the variables that can influence nutritive values of wheat (Steenfeldt, 2001; Svihus and Gullord, 2002) . Svihus and Gullord (2002) reported a negative correlation between protein content and AME.
The amino acid digestibility and AME determination of ingredients are expensive and time consuming. Therefore mathematical models, as an inexpensive and rapid method, were previously used to estimate the nutritive values of wheat samples via chemical composition (NRC, 1994; Svihus and Gullord, 2002; Wan et al., 2009; Mazhari et al., 2011) . Annison (1991) demonstrated a negative correlation between AME of wheat and soluble nonstarch polysaccharides (NSP) content. Dale (1996) reported that the neutral detergent fiber (NDF) was the only component of chemical composition that significantly correlated with TME of wheat by-products. This author demonstrated that NDF is a useful indicator for TME prediction of wheat byproducts for broilers. The relationship between apparent ileal digestible amino acid (AIDAA) and CP was previously reported in 23 varieties of wheat (Bryden et al., 2009) . The prediction of nutritive values of a feed ingredient from its chemical composition has been previously attempted based on regression (MLR) methods (Bryden et al., 2009; Annison, 1991; Dale, 1996) . Artificial neural network (ANN) is another method that may be used to accurately predict the nutritive value of feedstuffs. The ANN model has been applied successfully in poultry feed evaluation (Roush and Cravener, 1997; Cravener and Roush, 1999; Cravener and Roush, 2001; Ahmadi et al., 2008; Perai et al., 2010; Ebadi et al., 2011; Sedghi et al., 2011) . The possible application of chemical compositions for TME n prediction using MLR and ANN models were previously reported for poultry by-products (Ahmadi et al., 2008) , meat and bone meal (Perai et al., 2010) , and sorghum grain . Also, the MLR and ANN models have been used to predict the total amino acid content in feed ingredient based on chemical composition (Roush and Cravener, 1997) . In a recent study, Ebadi et al. (2011) reported that mathematical models may be successfully used for true digestible amino acid determination in sorghum samples. But the ability of mathematical models to predict digestible amino acids in wheat grain has not yet been documented. Therefore, 3 studies were conducted to examine the probability of applying mathematical models to estimate AME n , AME, and AIDAA of some wheat grain samples.
MATERIALS AND METHODS

Data Source
Studies 1 and 2: Relationship Between AME n and AME With Chemical Composition. To run the first study, 33 data lines were collected from Lasek et al. (2011 ), Parsaie et al. (2006 , and Barteczko and Augustyn (2006) studies to predict the AME n value of wheat samples from DM, ash, and CP content.
To study the relationship between AME with total and soluble NSP (study 2), 5 separate data sets from wheat grain that consisted of 57 raw data lines were used. The data sets were collected from Parsaie et al. (2006) , McCracken et al. (2002) , McCracken and Quintin (2000) , Austin et al. (1999) , and Choct et al. (1999) studies. The samples and ranges of data patterns (input-output) collected from different studies to develop the MLR, partial least-square (PLS), and ANN models in the first and second studies for AME n and AME prediction are shown in Tables 1 and 2 , respectively.
Study 3: Relationship Between AIDAA and CP. The necessary information that was used to study the relationship between AIDAA and CP was collected from published articles by Bryden et al. (2009) and Bedford et al. (1998) . A total of 36 data lines was used to find the relationship between CP and digestible amino acid content. In the third study, the CP value was used as a single predictor (model input) to determine AIDAA value of wheat samples. The AID values for Threonine (Thr), Valine (Val), Methionine (Met), Isoleucine (Ile), Leucine (Leu), Phenylalanine (Phe), Histidine (His), Lysine (Lys), and Arginine (Arg) were used as a model output.
Model Development and Evaluation
Neural Network Model Development. Structure and operation of ANN have been discussed and some modified algorithms were proposed by several authors (Roush et al., 1996; Roush and Cravener, 1997) . Thus, the structure and the basic principle are not herein described. In all 3 studies, the collected data lines were randomly split into 2 data sets: training sets (70%) to obtain the prediction model, and testing data sets (30%) to test the ability of the trained network. An algorithm of feed-forward multilayer perception (with hyperbolic tangent activation function) was considered to construct the ANN models. A Quasi-Newton's training algorithm was used to train the network. The numbers of hidden neuron were changed until the error parameters became minor. The STATISTICA networks software was used to construct the ANN models (Stat Soft, 2009 ). Linear regression and PLS was used as a comparison control for the ANN procedures. MLR and PLS Models Development. The general purpose of MLR approach is to learn more about the relationship between independent variables and a dependent variable. Multiple linear regressions find a combination of the predictors that best fit a response. Multiple linear regressions are the most-used statistical technique for prediction of nutritive value of feedstuffs in poultry nutrition. Partial least-square (PLS) is a recently developed generalization of MLR. The PLS regression is a technique used with data that contain correlated predictor variables. Therefore, the PLS combines information about the variances of both the predictors and the responses while considering the correlations among them. Also, the PLS is of particular interest because, unlike MLR, it can analyze data with strongly collinear (correlated), noisy, and numerous X-variables. This method has been shown to be an efficient approach in monitoring many complex processes, reducing the high-dimensional strongly crosscorrelated data to a much smaller and interpretable set of principal components or latent variables (Perai et al., 2010) .
The MLR and PLS models were employed using 70% of data sets as training data in ANN models. The model for MLR was fitted to data using PROC REG of SAS (SAS Institute, 2003) . The modeling by the PLS method was performed in MATLAB (version 7.5, Mathworks Inc., Natick, MA) using PLS Toolbox (PLS_Toolbox, version 2.1, Eigenvector Research Inc., Wenatchee, WA).
Evaluation of the model performance was based on the accuracy of their prediction in the test partition. Therefore, R 2 , mean absolute deviation (MAD), mean absolute percentage error (MAPE), root mean square error (RMSE), and bias for each output were calculated (Roush et al., 2006) .
RESULTS AND DISCUSSION
The inputs and outputs used for AME n , AME, and AIDAA determination are shown in Tables 1, 2 , and 3, respectively. The high variations in ME and AIDAA values of different wheat samples are observed in these 3 tables. The great variation in ME and AIDAA content of wheat samples showed that feed formulation should be taken after ME and digestible amino acid determination in wheat-based diets. Formulation without paying attention to wheat quality increases the risk of formulating a diet with unbalanced nutrients and this may be one of the reasons for a decrease in poultry performance when fed a wheat-based diet. Due to some difficulties, such as time and cost, in ME and AIDAA determination before feed formulation, mathematical equations are one of the important candidates for solving the problem. Therefore following the results of this test may provide the reasonable and perfect solution for this problem.
Study 1
The MLR and PLS equations calculated on the training data set are shown in Table 4 . The R 2 , RMSE, MAD, MAPE, and bias values for the training and testing data sets obtained by MLR, PLS, and ANN models to predict the AME n value based on DM, ash, and CP are shown in Table 5 . The results showed that there is not a good relationship between AME n with DM, ash, and CP in both training and testing data sets when used in the MLR and PLS methods. In the ANN model, a good agreement between the experimental and the ANN predicted AME n values was observed for both training (R 2 = 0.929) and testing (R 2 = 0.939) data sets. It is revealed that the percentage of DM, ash, and CP may be used in the ANN models to more accurately predict the AME n values in wheat samples.
Chemical compositions previously were used in some studies to estimate the ME of wheat samples via regression method (NRC, 1994; Svihus and Gullord, 2002; Wan et al., 2009; Mazhari et al., 2011) . To estimate the ME value of a wheat grain, the following equation is used in National Research Council (NRC, 1994): MEn = 34.92 CP + 62.16 EE + 35.61 NFE (Janssen, 1989) . Svihus and Gullord (2002) also used the CP content as a model inputs for AME determination and reported that CP affected AME values in wheat samples. Wan et al. (2009) used stepwise regression analysis to estimate TME values of wheat milling by-products for ducks using chemical composition and demonstrated that there were no significant correlations of CP, EE, and ash to TME value. They reported that NDF is the best predictor for TME, whereas the accuracy of prediction could be improved by the use of EE and CP rather than NDF alone. Similarly, Mazhari et al. (2011) reported that the accuracy of TME n prediction for Wheat Screenings could be improved by use of CP and ash as predictor variables rather than NDF alone. Although previous studies showed that NDF may be responsible for the changes in ME of wheat grain for poultry, our results indicated that the AME n value was well correlated with the DM, ash, and CP content of wheat and may be predicted with more accuracy through ANN models as compared with regression models. The application of mathematical models for ME determination using chemical compositions of feedstuffs were also examined in some previous studies (Ahmadi et al., 2008; Perai et al., 2010; Sedghi et al., 2011) . Ahmadi et al. (2008) demonstrated that the ANN model may show a higher efficiency of prediction for TME n by CP, EE, and ash compared with values estimated by regression models.
Furthermore, Perai et al. (2010) showed that the ANN model was a more accurate method for TME n estimation of meat and bone meal for poultry. Sedghi et al. (2011) compared the ANN and MLR models to predict the TME n of sorghum grain, and their results demonstrated that the ANN produced a more accurate prediction.
Study 2
A comparison of the results achieved by the different statistical models for AME prediction by other inputs Table 4 . Multiple linear regression and partial least square equations for prediction of AME n , AME, and apparent ileal digestible amino acids contents of wheat grain samples 1 Study Multiple linear regression Partial least square First study AME n = 9,089 -67.48 DM -301.96 Ash + 26.39 CP AME n = 9,139 − 68. Table 6 . The ANN model used for the prediction of AME with soluble and total NSP demonstrated better statistical performance as compared with MLR and PLS models. There was only a slight difference in the error measurement parameters between the MLR and PLS models when DM, ash, and CP or total and soluble NSP were used as input variables for the ME prediction. The result of this study is in agreement with Annison (1991) , which demonstrated that AME value of wheat is closely correlated with the level of NSP, whereas Nicol et al. (1993) did not confirm this observation. Classen et al. (1995) also found a negative relationship of soluble NSP content and digesta viscosity with AME value. It is commonly accepted that the NSP is poorly digested by poultry because of the lack of enzymes that can effectively degrade these complex carbohydrates (Gutierrez-Alamo, 2008) . The NSP in wheat grain is predominantly arabinoxylans (pentosans), which consist of soluble and insoluble fractions. In the gastrointestinal tract of broilers, a portion of the NSP becomes soluble (Rafuse et al., 2005) and the water-soluble NSP is considered as the active component for the negative effects of wheat (Gutierrez-Alamo, 2008) . The soluble NSP is responsible for the increase in viscosity of digesta, which affects the physiology, morphology, and ecosystem of the intestine, retards the passage of food throughout the gastrointestinal tract (McNab and Boorman, 2002) , increases thickness of the mucosal layer (Choct, 1997) , causes lower endogenous enzyme secretions (Choct and Annison, 1992) , and increases microflora especially in the intestine (Choct et al., 1996) . As a consequence, nutrients are not well digested and absorbed and thus cannot be utilized (Choct and Annison, 1990, 1992) . Therefore, the content and physicochemical characteristics of NSP can influence the AME and consequently decrease poultry performance (Mollah et al., 1983; Dusel et al., 1997) .
Study 3
The MLR and ANN models prediction efficiency for each AIDAA are shown in Table 7 . The value of R 2 corresponding to the ANN model for testing and training data sets showed a relatively higher prediction accuracy as compared with those of the regression method. Quantified values of bias for both training and testing data sets were lower in the ANN models as compared with the regression values in all studies.
The CP traditionally was used in the MLR models to estimate total amino acid values (NRC, 1994) or amino acid digestibility coefficients (Angkanaporn et al., 1997; Short et al., 1999; Bryden et al., 2006) . Bryden et al. (2006) and Short et al. (1999) demonstrated that the digestibility of amino acids in wheat is positively influenced by CP content. The relationship between CP and digestible amino acid for sunflower seed meal was reported by Villamide and Sanjuan (1998) . They indicated that there are positive relationships between CP and most of digestible amino acid contents.
The result of our study suggested that the ANN model may be used instead of the MLR method to accurately predict the AIDAA values of wheat from chemical composition. Several studies have been conducted to evaluate the predictive ability of the regression and ANN models to determine amino acid contents by chemical composition in feed stuffs for poultry (Roush and Cravener, 1997; Cravener and Roush, 2001; Ebadi et al., 2011) . Roush and Cravener (1997) reported that the ANN model may be used to accurately estimate the amino acid levels of wheat, soybean meal, meat and bone meal, and fish meal based on CP or proximate analysis. Cravener and Roush (2001) have successfully applied ANN models to predict amino acid profiles for various feed ingredients. They used CP or proximate analysis to predict total amino acid contents in some feedstuffs. Poultry feed formulation based on digestible amino acids is preferred as compared with total amino acids (Ravindran and Bryden, 1999; Li et al., 2002) . Therefore, in our study, the possibility of using digestible amino acid determination as a result of CP content using the MLR and ANN models was examined. Our results revealed that CP may be used as a single predictor to estimate AIDAA instead of total amino acids. In the recent published study, Ebadi et al. (2011) also showed that chemical composition of sorghum grain is a good parameter for digestible amino acid determination through ANN models. The results of our study are in agreement with previous works that indicated that the ANN model may effectively describe the complex relationship between inputs and outputs and consequently can predict the ME and digestible amino acids value of feed ingredients with high accuracy.
In conclusion, the results of these studies demonstrated that the ME of wheat is closely correlated with the levels of NSP or DM, ash, and CP. The highly significant correlation between CP content and AIDAA indicated that it is possible to predict the digestible amino acid contents from total CP content of wheat grain. Furthermore, the ANN model may be used to accurately predict the AME n , AME, and AIDAA of wheat samples via chemical analysis. As a result, this method provides an opportunity to reduce the risk of feed formulation with unbalanced level of nutritive values for poultry. 
